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Background
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Methodology

Sparse regression with embedded form invariance

Postulate that a model for D;; takes the form,

n

where,
® f is a linear function of basis functions 77-}'7) which may be
nonlinear,
() -
o 771 are based upon knowledge of physics,
® 3, are coefficients that at most depend (nonlinearly) on the
principal invariants of 77-}”).
In contrast to Neural Networks, this methodology results in a
model in compact, algebraic form.
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Methodology

Sparse regression with embedded form invariance

We can ensure form invariance due to
1. Linearity in the basis functions. This guarantees invariance
upon Galilean rotation, Q

QF (/1T 5T, )QT = F(41QT, QY. 5QT7QT, ...)

2. Formulating the problem as tall and skinny vectors. This
ensures that $ does not vary based on orientation.
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Methodology

Sparse regression with embedded form invariance
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Methodology
Sparse regression with embedded form invariance

B = ngngu@ — TAI)+ A8l

The [-2 norm regresses the
coefficients to the data (OLS).

The [-1 norm induces sparsity in the
coefficients with increasing the tuning
parameter, A.
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Homogeneous shear

Sparse identification of single-phase free shear turbulence

System under consideration:

Mean flow quantities:

., (u;) Mean velocity
(uiu ) Mean Reynolds stresses
k = %(uk uy)  Turbulent kinetic energy
[ = 6<XJ> Shear rate tensor

Pij = — [(u’-u;(>a<uli> + (u’-u’)a%q Production, Closed

J Ox i“k/ 0
Rii= (B (%4 4 Ou; Redistribution, Unclosed
U= \p aXJ Ox; ?
. Ou; .. .
gjj = 2V <g_>L<l;<8_>L<lf<> Dissipation, Unclosed
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Homogeneous shear

Sparse identification of single-phase free shear turbulence

Formulation of the invariant tensor basis:

Ri = (o n .
?J — ;6( )7;( ) (b,’j, R,'J',S,'j)
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Since R 1s symmetric, deviatoric and traceless, each of the
bases must also satisfy these properties.
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Homogeneous shear

Sparse identification of single-phase free shear turbulence

Validating the methodology with ‘synthetic data’

d

dt<u' ui) = Pij HRjj)—

30

- e 2 2 .
Rt = _CRZ ((u,-u_,- — gl\-(),-,/) — (O (791.,- - 5770111)

de £ g2
[I = == 5173; - Cg27 J

Collect data for shear rates: S = (3.2, 16.1, 30.7)
with Cg = 1.8, (b, =0.6, C.1 = 1.44 and C,; = 1.92

[7] Pope, S. (2012)
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Homogeneous shear

Sparse identification of single-phase free shear turbulence

Validating the methodology with ‘synthetic data’

Sparse Regression

Order 7 LRR-IP A =0.1 A=0.1 A=0.1 A =0.5
N=0 N=001 N=005 N=0.1
0
Sjj 0.8 0.8 0.8007 0.8121 0.8394
1
bjj -3.6 -3.6 -3.5984 -3.5617 -3.4715
Ribj + Rjiby; 1.2 1.2 1.2010 1.2187 1.2608
Sitbjj + Sjtbji — 2 Simbpmi5jj 1.2 1.2 1.2011 1.2213 1.2700
2
b7 — 5 b7 6 0 0 0 0 0
Sib? + Sjybf — 25,,b7,5; 0 0 0 0 0
Ritbjj + Rjbj 0 0 0 0 0
3
bk Ripbpj — birRicb; 0 0 0 0 0
mean error — 0.0 7.1e-4 0.018 0.044

Sparse regression correctly returns the model, even when
artificial noise is added.
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Homogeneous shear

Sparse identification of single-phase free shear turbulence

Validating the methodology with ‘synthetic data’

S =32 S =16.1 S =30.7
s —  — 1.5 ‘ | |
=
. S
2 h 3 ()g
%, [} ~ Q
- I ey %
—0.5 —0.5¢ —0.5k
T4 6 % 1012 14 16 18 20 T T 6 s 1012141618 20 2 s 10 15w 2

I't I't I't

Sparse regression correctly returns the model, even when
artificial Gaussian noise is added with standard deviations of:

0 (—), 0.01 (---), 0.05 (-----) and 0.15 (-----).
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Homogeneous shear

Sparse identification of single-phase free shear turbulence

['= %"} Shear rate

—dy

Non-dimensional S _ 2Tk DNS simulated on Flux
shear rate €0 Domain: 1024x512x512 , (2nxmx )

S =32 S =16.1 S = 30.7

t
=
=
ot
Y
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Can sparse regression uncover a better model than LRR-IP?
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Homogeneous shear

Sparse identification of single-phase free shear turbulence

Sparse Regression

order in b T LRR-IP N 075 A=06 A=05 A=0
0 S 0.8 1.01 1.01 0.98 0.98
bjj -3.6 1.27 1.31 1.45 1.46
1 Ritbj + Rjibj; 1.2 1.53 1.56 1.49 1.48
Sitbyj + Sjibji — 2 Simbpmidjj 1.2 1.73 1.71 1.79 1.78
b7 — 3b7i5j 0 5.22 4.64 7.02 6.71
2 Syb? + Sybf — 25,,b2,5; 0 0 0 0.57 0.56
Riibjj + Rjb§ 0 0 0 0 0.13
3 b7k Ripbpj — bif Ricby; 0 0 -0.65 2.08 2.45
mean training error 0.26 0.090 0.092 0.078 0.073
mean testing error ’ 0.086 0.089 0.070 0.078
050"
‘ ) traLin error‘
Yes! Sparse regression identifies 04) / .
hp:
a model that reduces error in 03 wormry e, |20
w 5 6 7 %
the Reynolds stresses by more \ \
0.2/ |
than a factor of 3 compared
0 ‘ ‘ ‘ "‘. ........... ? ........... f ............ ‘

numbet of terms
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Homogeneous shear

Sparse identification of single-phase free shear turbulence

Training dataset
S =16.1
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Periodic Hills

Configuration under study

Flow through a periodically constricted channel.

Boundary conditions:
Fully resolved DNS:

® No slip at walls ® (Ny, Ny, N;) = (512,380, 214)
® Periodic in z-direction and o (/.. L..L.)Y=(9h.3.036h.4.5h
inlet /outlet (e, by, L) = (9B, 3 -

® Hill geometry corresponding to
Velocity is forced to maintain Re= 2800 Breuer et. al (2009)
at the hill crest.

Steady data is averaged in z and over 44 flow-through times.
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DNS

LEVM

Periodic Hills

Improved model using minimal dataset

Sparse Regression

bi1 b11 b11
3 0.5 3 0.5 3 0.5
2 2
2 0 0 0
1 1 N T 1¢
0 05 0 i -0.5 0 -0.5
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
b12 b12
3 0.2 3 Bo2
5 HO. 0.2 5 HO.
! ' 0.2 00 2 ! i 0.2
0 ' o 0 '
0 2 4 6 8 0 2 4 6 8
b22 b22 b22
3 0.5 3 0.5 3 0.5
2
0 2 0 0
1 1 <= ‘
0 -0.5 0 0.5 ol N -0.5
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
b33 b33 b33
3 05 3 0.5 3 - 0.5
2 2
0 0 2 0
1 1 1
0 0.5 0 -0.5 0 -0.5
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
e = |[bPNS — pmodel |, /|| pDNS| 1.76 1.11
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Periodic Hills

Algebraic form of improved model

7 (n) LEVM  Sparse Regression
S -0.09 -0.0158
SR — RS 0 0
S2 — Ler(S?)l 0 -0.012
R? — 3%tr(R2)| 0 -0.0125
RS? — SR 0 0
RR?S — SRR? — 2tr(SR?)I 0 0
RSR? — R’SR 0 0
SRS? — S°RS 0 0
R>S? + S?R? — 2tr(S?R?)I 0 0
RS?’R? — R>S?R 0 0
error 1.76 1.11

Modeling parameters:
A=0.1
training set: 380 points at x/h = 1.3
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Sedimentation
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Sedimentation

Multiphase behavior is complex

1.0

® [nitially, particles are
randomly distributed and
gas is quiescent.

® (Gravitational body force
leads to spontaneous
clustering.

Re,
0.3

® Two-way coupling between
phases induces turbulence
in gas phase.

® Multiphase dynamics are
governed by high
dimensional parameter
space.

0.1

0.001 0.01 0.1
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RANS equations for fully-developed CIT

Phase-averaging of the mesoscale equations yields RANS
equations for two-way coupled turbulent flows.

1 0(uP)y 1 < dur > < .8u7’c>
2" ot pr |\ ox T o ]

\ / \ 7

~— —— Tp: particle
Pres. Strain Visc. Diff. 1 t
L ¥ settling time
Z (Cupup), = (u),)
7 :
. ©: mass loading
Drag Exchange
/ \ (-)': fluctuation
o, o |/ 0p 9% of quantity (-)
+ —{uf)p(Up)p +— Uy —\ Ur
Drag Prod. Press.‘rEXCh. h Visc.vExch.

R.O. Fox (2014), JFM; Capecelatro et al (2015), JFM
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RANS equations for fully-developed CIT

Drag Production
» Sole source of turbulent kinetic energy
» Only present in the gravity-aligned direction and in
coupled flows.
» In the absence of clustering, particles are uncorrelated
and (uf)p is zero.
» The fluid velocity fluctuation seen by the particle: (uf)p

4 £ Laly o luphs -

\ >4

Drag Prod.
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Sparse identification of fully-developed CIT

d
P = T_i<“}>p<up>p

Nondimensionalize drag production
with dissipation: P{;"/e;

Form minimal tensor basis based

upon the following tensors:
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Sedimentation

Sparse identification of fully-developed CIT

10 10° e ————g
o - |
)
5107 g =102 ¢
~— Sl
S . S
= = -
& 0! o . Rqo!
terms =1, A= 0.5 ‘ terms = 9, A = 0.1 ‘
1073 1072 ! 107 10 107
{ap) (ap)
pdrag pdrag .
Re, = 7.54 (o) Gy - =6.31¢ (7.54 (ap) + 0.30Rep 4 0.32Re?) Gr+
S o =¥ 3.32¢ [(3.4Re — 2.4Re, + 0.14) (ap) —
O 03 0.84Re} + 2.4Re? + 0.05Re,| Gp
] 1.0

- Sparse identification only selects gravity-based terms. )

MichiganEngineering 2019 NETL Workshop, Morgantown, WV | 28



Background Methodology Homogeneous shear Periodic Hills Sedimentation

Sparse 1dentification uncovers

complex dependencies on flow
conditions that improve model
accuracy.
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__ Background Methodology Homogencous shear Periodic Hills _Sedimentation
Next steps

2D gas-solid
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(Questions?
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Multiphase dynamics governed by high dimensional parame

o Mesh: 512x512 (896d, x 896d,,)
o N, = (12,359 57,362 266,278)

e Enforce mass flow rate = 0
e Density ratio = 1000

Computations carried out
using NGA:

® Finite volume DNS/LES code
® Conservation of mass, momentum

i
A

Re,
0.3

P
—

rFL g
.
| . y
- > -
g . g
M - = 3
. ¥ - - - 4
e . By 4
~.Y - ) it -
v X B ,
& N X ; :
A - i s o -
1 e B b oA
iy . 3 & @ b
w e . ¥

and kinetic energy

® Lagrangian particle tracking
® 2nd order RK for particle ODEs
® Soft-sphere collisional model

0.1

® Interphase exchange fully

conservative.

0.001

<O(p> Desjardins et al. (2008), Capecelatro et al. (2013)
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